Oral health is related to diet in many ways, for example, nutritional influences on craniofacial development, oral cancer and oral infectious diseases. Dental diseases impact considerably on self-esteem and quality of life and are expensive to treat.
Dental diseases include dental caries, developmental defects of enamel, dental erosion and periodontal disease. The main cause of tooth loss is dental caries in which diet plays an important role. Diet also plays a significant aetiological role in dental erosion, the prevalence of which seems to be increasing, and dietary components may contribute to development of enamel defects (e.g. enamel hypoplasia, fluorosis). However, in modern societies, diet and nutrition play a relatively minor role in the aetiology of periodontal disease (gum disease), another cause of tooth loss in adults. This review will mainly focus on the major dental diseases, dental caries and dental erosion. Diseases of the oral mucosa, will not be reviewed in depth, as the paper focuses on dental disease. Oral cancer is covered in the background paper 'Diet and the prevention of cancer'.
The burden of dental diseases Dental diseases are a costly burden to health care services. The treatment of dental caries is expensive for governments of both developed and developing countries and costs between 5 and 10% of total health care expenditures in industrialised countries exceeding the cost of treating cardiovascular disease, cancer and osteoporosis 1 . In most developing low-income countries, the prevalence rate of dental caries is high and more than 90% of caries is untreated. The level of caries is higher for the primary dentition than the permanent dentition for children of several developing countries as shown recently for China 2 , Thailand 3 , Madagascar 4 and Niger
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. The severity of disease in the permanent teeth is generally low and mostly limited to the occlusal and buccal/lingual surfaces. Available data 6 show that the mean DMFT at age 12 years of low-income countries is 1.9 compared with 3.3 DMFT for middleincome countries and 2.1 DMFT for high-income countries. In low-income countries, the cost of traditional restorative treatment of dental disease is disproportionately expensive in light of the low public health priority and it would exceed the available resources for health care. The large financial benefits of preventing dental diseases should be emphasised to countries where current disease levels are low.
The impact of dental diseases on quality of life Despite a low mortality rate associated with dental diseases, they have a considerable impact on self-esteem, eating ability, nutrition and health both in childhood and older age. Teeth are important in enabling consumption of a varied diet and in preparing the food for digestion. In modern society, the most important role of teeth is to enhance appearance; facial appearance is very important in determining an individual's integration into society. Teeth also play an important role in speech and communication.
The second International Collaborative Study of Oral Health Systems (ICSII) 7 revealed that in all countries covered by the survey substantial numbers of children and adults reported impaired social functioning due to oral disease, such as avoiding laughing or smiling due to poor perceived appearance of teeth. Throughout the world, children frequently reported apprehension about meeting others because of the appearance of their teeth or that others made jokes about their teeth. In addition, dental diseases cause considerable pain and anxiety 8 . These factors are likely to be exacerbated in less developed societies where pain control and treatment are not readily available. For example, in Thailand, half the children of age 12 claimed pain or discomfort from teeth within the past year 3 and 40% of children had tooth extraction at their last visit to the dentist. Similar patterns are observed in other countries such as China 9 , Jordan 10 or Madagascar 11 . Dental decay also results in tooth loss, which reduces the ability to eat a varied diet. It is, in particular, associated with a diet low in fruits, vegetables and non-starch polysaccharides (NSP), and with a low plasma vitamin C level 12, 13 . NSP intakes of less than 10 g/d and fruits and vegetable intakes of less than 160 g/d have been reported in edentulous subjects 13 -15 . Tooth loss may, therefore, impede the achievement of dietary goals related to the consumption of fruits, vegetables and NSP. Tooth loss has also been associated with loss of enjoyment of food and confidence to socialise 13 . It is, therefore, clear that dental diseases have a detrimental effect on quality of life both in childhood and older age.
Dental caries
The deciduous teeth erupt from 6 months and are lost by the early teens. The permanent dentition replaces the deciduous dentition from the age of 6 years and is complete by age 21. Teeth are most susceptible to dental caries soon after they erupt; therefore, the peak ages for dental caries are 2-5 years for the deciduous dentition and early adolescence for the permanent dentition. In developed countries, there is a trend for older adults now to retain their teeth for longer, however, if the gums recede with age the roots of the teeth become exposed, and, being relatively less mineralised than the tooth crowns, are susceptible to decay known as 'root caries' 7 . Nutritional status affects the teeth during the preeruptive stage, however, this nutritional influence is much less important that the post-eruptive local effect of dietary practices on caries formation. Deficiencies of vitamin D, vitamin A and protein energy malnutrition (PEM) have been associated with enamel hypoplasia. PEM and vitamin A deficiency are also associated with salivary gland atrophy which subsequently reduces the mouth's defence against infection and its ability to buffer plaque acids. Navia 16 states 'moderate malnutrition, particularly lack of protein and deficiencies of certain micronutrients such as vitamins, zinc and iron, can influence the amount and composition of saliva limiting the protective effects it has in the oral cavity'. However, in developing countries, in the absence of dietary sugars, undernutrition is not associated with dental caries. Undernutrition coupled with daily increased amount and/or frequency of sugars results in levels of caries greater than expected for the level of sugars intake.
Dental caries occurs due to demineralisation of enamel and dentine (the hard tissues of the teeth) by organic acids formed by bacteria in dental plaque through the anaerobic metabolism of sugars derived from the diet 17 . When sugars or other fermentable carbohydrates are ingested, the resulting fall in dental plaque pH caused by organic acids increases the solubility of calcium hydroxyapatite in the dental hard tissues and demineralisation occurs as calcium is lost from the tooth surface. The pH at which demineralisation occurs is often referred to as the critical pH and is approximately 5.5. Saliva is one of the mouth's natural defences against this process. Saliva promotes remineralisation, i.e. it is capable of depositing mineral in porous areas where demineralisation of enamel or dentine has occurred. Saliva is super-saturated with calcium and phosphate at pH 7; this favours the deposition of calcium. If a demineralised lesion is formed it will be remineralised; although this is a slow process that competes with factors that cause demineralisation. If the pH in the mouth remains high enough for sufficient time then complete remineralisation of enamel may occur. However, if the acid challenge is too great, demineralisation dominates and the enamel becomes more porous until finally a carious lesion forms 18 . The rate of demineralisation is affected by the concentration of hydrogen and fluoride ions (i.e. pH at the tooth surface). Fluoride inhibits the demineralisation process and the frequency with which the plaque pH falls below the critical pH without subsequent remineralisation. So overall, caries occurs when demineralisation exceeds remineralisation. The way that fluoride promotes remineralisation will be discussed later.
The development of caries requires sugars and bacteria to occur but is influenced by the susceptibility of the tooth, the bacterial profile, quantity and quality of the saliva, and the time for which fermentable dietary carbohydrates are available for bacterial fermentation. Streptococcus mutans and Streptococcus sorbrinus are important bacteria in the development of dental caries. Both these bacteria readily produce organic acids from dietary sugars and like most aciduric bacteria can synthesise insoluble plaque matrix polymers (extracellular dextran) from dietary sugars-a factor that aids bacterial colonisation of the tooth surface. Growth of these streptococci requires the presence of fermentable monosaccharides. Mutans streptococcal invertase splits sucrose into glucose and fructose, which can be metabolised to produce mainly lactic but also other acids including acetic and formic acids. The resulting low pH alters the plaque ecology. A low pH in plaque is ideal for aciduric bacteria such as streptococci, lactobacilli and bifidobacteria as these are more competitive at low pH than bacteria not associated with dental caries.
Dental erosion
Dental erosion is the progressive irreversible loss of dental hard tissue that is chemically etched away from the tooth surface by extrinsic and/or intrinsic acids and/or chelation by a process that does not involve bacteria. Erosion is often associated with other forms of tooth wear such as abrasion and attrition (from over zealous oral hygiene and grinding of teeth, for example). Poor salivary flow or salivary deficiencies are thought to make some individuals more susceptible to acid challenges. Low salivary flow rate or inadequate buffering capacity are factors that exacerbates erosion 19, 20 . Intrinsic acids are from vomiting and regurgitation. The extrinsic acids are from the diet, e.g. citric acid, phosphoric acid, ascorbic acid, malic acid, tartaric acid and carbonic acids found in fruits and fruit juices, soft drinks-both carbonated and still, some herbal teas, dry wines and vinegar-containing foods. The critical pH of enamel is , 5.5 and therefore any drink or food with a lower pH may cause erosion. Erosion reduces the size of the teeth and in severe cases leads to total tooth destruction 21 . Extensive dental erosion requires expensive restorative treatment.
Periodontal disease
Periodontal disease is a chronic disease that may only become apparent in middle age. Apart from severe vitamin C deficiency, which results in scurvy-related periodontitis, there is little evidence for an association between diet and periodontal disease, although current interest is focusing on the potential preventive role of antioxidant nutrients. The main overriding factor in the aetiology of periodontal disease is the presence of plaque, and prevention measures focus on oral hygiene. There is some evidence to suggest that periodontal disease progresses more rapidly in undernourished populations and the important role of nutrition in maintaining an adequate host immune response may explain this observation 22 . Overgrowth of periodontopathic organisms and yeasts has been observed in malnourished African children 23, 24 . A high sucrose intake is associated with increased plaque volume due to the production of extracellular glucans, and there is a strong association between plaque volume and gingivitis. Human intervention studies have shown higher plaque volumes and increased gingivitis with high sucrose diets compared with low sucrose diets 25, 26 . However, Gaengler et al. 27 pointed out that 'the maximum reduction in sugar in the diet within the limits of practicability is not capable of preventing the development of gingivitis'. The role of dietary practices in the prevention of periodontal disease will not be discussed further.
Nutrition and oral infectious diseases
Malnutrition consistently impairs innate and adaptive defences of the host, including phagocytic function, cellmediated immunity, complement system, secretory antibody, and cytokine production and function. In PEM, there are marked changes in the oral microbial ecology resulting in a preponderance of pathogenic anaerobic organisms, increased propensity of bacteria to bind to oral mucosal cells, attenuation of acute phase protein response, and dysfunction of the cytokine system. Cellular depletion of antioxidant nutrients promotes immunosuppression, accelerated replication rate of ribonucleic acid viruses and increased disease progression.
Therefore, malnutrition can intensify the severity of oral infections and may lead to their evolution into lifethreatening diseases. The impact on oral health of malnutrition was recently reviewed by Enwonwu et al.
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. Among the suspected causative factors are increased oral burden of free glucocorticoids and impaired host defence of saliva. No inflammatory oral lesions underscore the association between malnutrition and oral health as lucidly as acute necrotising gingivitis (ANG) and noma (cancrum oris). ANG is a craterlike lesion involving the interproximal gingival papillae and predominantly affects impoverished young children (3 -10 years of age) who are generally immunocompromised by malnutrition and common tropical infections. If not promptly treated, ANG and other oral inflammatory lesions in malnourished children may evolve into noma (cancrum oris). This is a dehumanising orofacial gangrene that destroys the soft and hard tissues of the oral and paraoral structures.
Current epidemiological situation/trends in dental diseases
Trends in the prevalence of dental caries The extent of dental decay is measured using the dmft/DMFT (primary dentition/permanent dentition) index. This is a count of the number of teeth in a person's mouth that are decayed, filled or extracted. The dmft/DMFT indices are widely used for indication of the prevalence of dental caries and the severity of dental caries experience in populations. The dental diseases-caries and periodontal disease-result in tooth loss and therefore the dental status of a population may also be assessed by looking at the proportion of the population who are edentulous (have no natural teeth).
The extent of epidemiological data varies widely between countries. For many countries there is very little information, and few countries have undertaken repeated cross-sectional data on representative samples of the population. Different countries may use different methods in epidemiological surveys of dental health and this may complicate between-country comparisons.
WHO established a Global Data Bank on Oral Health in 1969 and data continue to be added to this valuable source of dental health information. In 1982, WHO and FDI jointly set out global goals for oral health to be achieved by the turn of the century including that children aged 12 years on average should have a DMFT of below 3 29 .
The data in Table 1 show the trends in dental caries prevalence for both developed and developing countries for children aged 12 years. From these data two distinct trends are observed. First, the distinct fall in the prevalence of dental caries in developed countries, and second, the increase in the prevalence of the disease in some developing countries that have increased their daily ingestion of sugars and have not yet been introduced to the presence of adequate amounts of daily fluoride. Despite the marked decline in dental caries in developed countries over the past 30 years, dental caries remains unacceptably high in many developed countries and is a major public health problem. Countries with scores above 3 DMFT, which have failed to meet the WHO global goal for the year 2000, are listed in Table 2 . In Europe, the Baltic States and Eastern Europe have high levels of caries. However, even in countries with low average DMFT scores (indicating low severity of the disease), dental caries still affects the majority of children. Of the industrialised nations the countries where less than half of 12-year-old children have decay experience are The Netherlands, Japan, the Scandinavian countries, the United Kingdom and the United States of America. There is some indication that the favourable trends in dental caries levels have come to a halt or that the gradual decrease in caries prevalence over the last half-century has stabilised 30 .
There are few data available on the dental health status of preschool children largely because many dental health surveys are conducted in schools for convenience. A review by Holm 31 reported quite high levels of decay in this age group in many countries. In most of the developing countries and South-east Asia, children have a high prevalence of dental caries in the deciduous dentition. In Africa, the prevalence of dental caries in young children is increasing in some parts and is associated with an increase in sugars consumption, while it stays low in countries where a poor economy restricts sugars consumption 31 . Data on 5-year-old suggest that the trend towards reduced prevalence of dental decay has halted. In a review of the prevalence and severity of dental caries in the deciduous dentition of children aged 5-7 years in Europe
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, average dmft values of below 2.0 were found for Denmark, England, Finland, Italy, The Netherlands and Norway. Higher levels of decay (dmft) were reported recently for Belarus (4.7) 36 , Hungary (4.5) 37 , Romania (4.3) 38 and Russia (4.7) 39 .
Dental caries in adults
Being caries-free at age 12 does not imply being caries-free for life, as dental caries affects adults as well as children and the severity of the disease increases with age 40, 41 . Holst and Schuller showed, from a cohort study of Norwegians, that despite a mean DMFT of 3.0 at age 13 years this increased to 8 at age 23 and 15 at age 33 41 . In the Republic of Ireland, the mean DMFT of 20 and 24-yearolds was 9.5 and 11.3, respectively. Even in fluoridated areas of Ireland the mean DMFT of 35-44-year-olds was 18.9 indicating that fluoridation has not eradicated the disease of dental caries 42 . 43 . In the US, improvements have been noted over the past 25-30 years with regard to dental caries. Among most age groups, the average number of teeth per person affected by dental caries has decreased while the proportion of the population that is cariesfree has increased 44 . The WHO Oral Health Guidelines state that at age 35-44 years a DMFT of 14 or above is considered high. In most developing countries, the level of caries in adults of this age group is lower, e.g. in Niger (DMFT ¼ 5.7)
5 or in China (DMFT ¼ 2.1) 2 . There are few data available on the prevalence and severity of root caries in older adults. The UK NDNS of people aged 65 years and over reported that 80% of dentate persons over 65 years had decay to the root or root restorations 13 . The 1998 Adult Dental Health Survey showed that overall 66% of dentate adults have at least one tooth with a root that was either exposed, worn, filled or decayed with an average of 6.4 teeth involved. Nearly onequarter of adults had 12 or more teeth in this condition and in the 65 þ age group 43% had root fillings 8 . A study of adults conducted in Scandinavia showed that the prevalence of root caries was 27 -33% in the older adults but the mean number of teeth affected was low (0.9) 40 . Finally, the Second National Survey of Oral Health in China showed that at the age of 65-74 years the mean number of teeth affected by root caries was 0.5 2 . With an ageing population and greater retention of teeth, root caries is likely to grow as a public health issue in the future. Few studies have investigated the relationship between root caries and either diet or nutrition, however, the UK National Diet and Nutrition Survey of people aged 65 years and over found a significant relationship between frequency of intake of non-milk extrinsic (NME) sugars (free sugars) and root caries.
Summary of trends in dental caries
The prevalence and severity of dental caries in industrialised countries has decreased in the last three decades but improvements have now halted in younger age groups. In developing countries where fluoride is not available and populations have more opportunity to consume free sugars and other fermentable carbohydrates, the prevalence of decay is increasing. In South-east Asia and in some parts of Africa, studies indicate that decay in the primary dentition is increasing. Within most countries, geographical and social factors influence the occurrence of dental caries and, despite improvements, caries continues to affect the majority of children, some severely. Dental caries is the most common dental disease in children and contributes to tooth loss in adults.
Trends in patterns of tooth loss
Retention of teeth into later life is of utmost importance in enabling consumption of a varied nutritious diet. Dentures are not a satisfactory substitute for natural teeth and limit the ability to consume a healthy diet adequate in fruits, vegetables and NSP 13 . In terms of tooth loss statistics, few countries have good repeated cross-sectional data on Diet, nutrition and prevention of dental diseasesrepresentative samples of the population. The ICSII study 7 indicated a reduction over-time for the number of edentulous persons for several industrialised countries, however, tooth loss and use of dentures remains more prevalent among the socio-economically disadvantaged people. This has also been shown for adults in Scandinavia 45 . The UK has national surveys of the dental health of adults that were undertaken in 1968, 1978, 1988 and 1998 . The number of adults (over 18 years) who are edentulous has fallen in the UK from 37% in 1968 to 13% in 1998 8 . However, in the 65 þ age group almost 50% are still edentulous.
In industrialised countries, there has been a fall in the proportion of the adult population that are edentulous. This is a welcome trend but there is still a large proportion of older adults who are edentulous or partially dentate. With the increase in the ageing population, tooth loss will continue to affect a sizeable number of persons in the foreseeable future. Table 3 summarises the available information on the prevalence of edentulousness for different countries.
Trends in dental erosion
Dental erosion is a relatively newly recognised dental problem and which has been related to diet 46, 47, 48 . Although there is anecdotal evidence that the prevalence is increasing in industrialised countries, longitudinal data on epidemiological trends do not yet exist. Cate and Imfeld summarised information on prevalence of dental erosion and stated that, between 8 and 13% of adults had at least one erosive lesion on the labial incisors that involved the dentine 49 . A further 30-43% had between 3.1 and 3.9 teeth affected by occlusal lesions involving the dentine. Lingual lesions were found in only 2% of subjects. There are insufficient data available to comment on worldwide trends; however, the UK has data on the prevalence of dental erosion for representative samples of population age groups that shows erosion to increase with age. Of children aged 1.5-2.5 years, 3% had severe erosion that involved the pulp of the teeth but this figure increased to 13% in 3.5-4.5-year-olds 50 . The Child Dental Health Survey showed that 52% of 5 and 6-year-olds had erosion to deciduous incisors and in half of these cases it was severe (involved the pulp). Erosion also affects the permanent dentition with 28% of 11 -14-year-olds having erosion and 2% having severe erosion 51 . The National Diet and Nutrition Survey (NDNS) of young people aged 4-18 years showed that half the study population had evidence of erosion in the upper incisors or in the first molars of either the deciduous or permanent dentition. In the 4-6 years age group 65% had erosion and 62% of 15 -18-yearolds had erosion of the permanent dentition 52 . The trend towards increased consumption of acidic beverages over recent decades is often suggested as a dietary factor in dental erosion in industrialised societies.
Review of the current thinking: the scientific evidence linking diet and dental diseases
There is a wealth of evidence to show the role of dietary sugars in the aetiology of dental caries. The evidence comes from many different types of investigation including human studies (both observational and intervention), human plaque pH studies (in which the pH of plaque is monitored in situ following ingestion of a test substance), enamel slab experiments (in which slabs of bovine enamel are fitted in a removable oral appliance and worn during periods of consumption of experimental diets and subsequently the level of demineralisation is measured), animal studies and incubation studies of oral bacteria and dietary substrates in vitro. Collectively, information from all the different types of studies provides an overall picture of the cariogenic potential of different dietary carbohydrates. The strength of the evidence linking sugars in the aetiology of dental caries comes from the multiplicity of the studies rather than the power of any one study alone 17 . It is worth noting that some of the earlier epidemiological studies were done in communities that did not have the benefit of exposure to fluoride.
Dietary sugars and dental caries
The evidence shows that sugars are undoubtedly the most important dietary factor-and the factor studied most often-in the development of dental caries. In this paper, the term 'sugars' refers to all mono and disaccharides while the term 'sugar' only refers to sucrose, the term 'free sugars' refers to all mono and disaccharides added to foods by manufacturer, cook or consumer, plus sugars naturally present in honey, fruit juices and syrups and the term 'fermentable carbohydrate' refers to free sugars, glucose polymers, fermentable oligosaccharides and highly refined starches.
Worldwide epidemiological observational studies Sugar intake and levels of dental caries can be compared at country level. Sreebny 53 correlated the dental caries experience of primary dentition (dmft) of 5 and 6-yearolds with sugar supplies data of 23 countries, and the dental caries experience (DMFT) of 12-year-olds to sugar supplies data of 47 countries. For both age groups, significant correlations were observed: þ0.31 for deciduous dentition and þ0.7 for permanent dentitionmeaning that 52% of the variation in caries levels could be explained by the per capita availability of sugar. From these data it was calculated that for every 25 g of sugar per day one tooth per child would become decayed, missing or filled 54 . In countries with an intake of sugar below 18 kg/person/yr (equivalent to , 50 g/person/d) (n ¼ 21) experience of caries was consistently below DMFT 3 (the WHO goal for 2000). The countries with sugar supplies in excess of 44 kg/person/yr (120 g/person/d) had significantly higher levels of caries.
The previous data refer to populations of children who were not exposed to the benefits of fluoride. This point is well demonstrated by a later analysis by Woodward and Walker who did not find such a strong association between per capita sugar availability and mean DMFT of 12-year-olds in developed (n ¼ 29) and developing (n ¼ 61) countries 55 . In this analysis where one can presume that fluoride was present in the community, no association was found between sugar availability and caries levels in developed countries. However, Nadanovsky 56 pointed out that the reason for an absence of relationship between sugar supply data and mean DMFT in developed countries was because with such very high availability of sugar in these countries, changing the level of sugar intake by a few kg/yr does not influence the caries challenge. Woodward and Walker 55 found that sugar availability accounted for 28% of the variation in levels of dental caries. It is worth noting that 28% is a substantial amount considering the crudeness of the analysis which relates to different examiners and accuracy of sugar supply data as regards actual consumption by 12-year-olds; the fact that dental data are not necessarily based on representative samples, and the level of confounding factors (fluoride exposure and frequency of sugar consumption). The data from the analysis of Woodward and Walker show that 23 of the 26 countries with sugars availability below 50 g/d had mean DMFT for 12-year-olds of below 3, whereas only half of the countries with sugar availability above this level had achieved DMFT , 3. Over 78% of countries that had a low-sugar availability (,10 kg/person/yr) had a mean DMFT at age 12 of , 2.0.
Ruxton et al. 57 used the ecological data from the studies of Sreebny and Woodward and Walker to study the relationship between changes in dental caries and changes in sugar intake in 67 countries between 1982 and 1994 by drawing up a simple scatter plot. This scatter plot showed that in 18 countries, where sugar supply declined, DMFT decreased. In 18 countries where caries level increased, there were increases in sugar supplies. In some countries, this relationship was not demonstrated; in 25 countries where caries had decreased sugars supply had increased and in 3 countries sugars declined and caries increased. Thus, overall, this crude analysis, that did not control for confounding factors such as frequency of intake and use of fluoride, showed that data from the majority of countries did support the association between sugar intake and dental caries. Furthermore, there were 17 countries with DMFT ,1 that had sugar intakes of , 10 g/person/d.
The weaker association between per capita sugar availability and levels of caries in industrialised countries may partly be accounted for by the fact that many sugars other than sucrose are contributing to total sugars intake. For example, in the USA there is a high use of high fructose corn syrup (similar to invert sugar) and in other industrialised countries the use of glucose syrups, fruit juice concentrates and glucose polymers is becoming widespread. Additionally, the extreme differences in daily use of fluoride dentifrice and availability of adequate amounts of fluoride in water supplies within countries, confounds the data.
Dental caries patterns following changes in availability of dietary sugars
Populations that had reduced sugar availability during the Second World War years showed a reduction in dental caries which subsequently increased when the restriction was lifted 58 -60 . Takeuchi 59 found that annual caries increment in the first molars between 1941 and 1958 mirrored annual sugar consumption. Marthaler 60 analysed data from Switzerland and reanalysed wartime data from Norway and New Zealand to look at annual caries increments rather than absolute whole mouth caries experience and likewise found that caries increments mirrored sugar consumption. These analyses reported on amount of sugar consumed only and did not investigate the effect of frequency of sugar consumption on caries. It is not known if war time dietary restrictions resulted in a reduced frequency of consumption or whether meal patterns were retained but smaller amounts consumed.
Although these data are from before widespread use of fluoride dentifrice, Weaver 61 observed a reduction in dental caries between 1943 and 1949 in areas of North England with both high and low water fluoride concentrations. More recently, Miyazaki and Morimoto 62 reported a significant correlation (r ¼ þ0.91) between sugar availability in Japan and DMFT at age 12 between 1957 and 1987. It should be noted that, during the Second World War, a reduction in intake of sugar was not an isolated dietary change and that intake of other carbohydrates, e.g. refined flour, was also restricted in some countries. The evidence concerning intake of starch and dental caries will be considered in Section 3.2.
Evidence for an association between dental caries and the intake of dietary sugars comes from epidemiological observational studies of dental caries levels in populations before and after an increase in sugar consumption. Isolated communities with a traditional way of life and a consistently low-sugar intake have very low dental caries levels. As economic levels in such societies rise, the amount of sugar and other fermentable carbohydrates in the diet increases as they shift towards habits and diets associated with modern living. Examples of this trend include populations in the Inuit in Alaska, USA 63 as well as populations in Ethiopia There is evidence to show that many groups of people with habitually high consumption of sugars also have levels of caries higher than the population average, for example, children with chronic diseases requiring longterm sugar-containing medicines 69 . Environmental exposure to high sugars has also been studied: Anaise 70 found that confectionery industry workers had 71% higher dental caries experience than factory workers from other industries. Katayama 71 also found higher caries in confectionery workers (DMFT 17.2) compared with workers in other industries (DMFT 11.4). These observations were made in an era prior to widespread use of fluoride; however, relatively more recently Petersen 72 found that Danish chocolate factory workers had significantly higher dental caries experience and higher tooth loss than ship-yard workers, after controlling for confounding factors. This was then confirmed in another study of sweet biscuit factory workers in Finland 73 . Low dental caries experience has been reported in groups of people who have a habitually low consumption of dietary sugars, for example, children of dentists 74 , children in institutions with strict dietary regimens 75, 76 and children with hereditary fructose intolerance (HFI) 77 . Despite reports by parent dentists of restricted intake of sugars by their children, the low dental caries experience of these children cannot be assumed to be due to low sugars intake as other preventive care is likely to be greater in these children.
Children living in the Hopewood House children's home in New South Wales received annual dental surveys between 1947 and 1962 and followed a strict lactovegetarian diet that was low in sugars and refined flour. Their oral hygiene was virtually absent and fluoride exposure was low. Dental caries levels were much lower than children of the same age and socioeconomic background attending state schools in New South Wales. Forty-six percent of 12-year-olds in Hopewood House were caries-free compared with 1% of the children from state schools. However, after 12 years of age when the children's association with the home ended the rate of caries increased to levels observed in children from the state schools 75 . A weakness of the data from observations of populations is that changes in intake of sugars are often associated with changes in the intake of refined flour, making it impossible to attribute changes in dental caries solely to changes in the intake of sugars. A good exception to this is the data from studies of children with HFI. HFI is a congenital deficiency of fructose-1-phosphate aldolase. Consumption of fructose results in nausea and hypoglycaemia; hence, all foods containing fructose and sucrose are excluded from the diet. People with HFI, therefore, have a low intake of sugars but, as glucose is tolerated do not have a restriction on intake of starch. Studies have shown that subjects with HFI have a low intake of sugars and a higher than average intake of starch yet a low caries experience 77 .
Human intervention studies
Human intervention studies where intake of sugars has been altered and caries development monitored are rare, partly due to the problems inherent in trying to prescribe diets for the long period of time necessary to measure changes in caries development. Those that have been reported are now decades old and were conducted in the prefluoride era on highly selected groups of people before the strong link between sugars intake and dental caries levels was established. Such studies would not be possible to repeat today because of ethical constraints.
The Vipeholm study was conducted shortly after the Second World War in an adult mental institution in Sweden between 1945 and 1953 78 . The study investigated the effects of consuming sugary foods of varying stickiness (i.e. different oral retention times) and at different times throughout the day on the development of caries by measuring caries increment in subjects that consumed (1) refined sugars with a slight tendency to be retained in the mouth at meal times only (e.g. sucrose solution, chocolate), (2) refined sugars with a strong tendency to be retained in the mouth at meal times only (e.g. sweetened bread), (3) refined sugars with a strong tendency to be retained in the mouth, in-between meals (e.g. toffee). The dietary regimes were given in two periods. The first carbohydrate period was between 1947 and 1949 and the second carbohydrate period (in which the regimens were changed slightly) ran between 1949 and 1951. It was found that sugars, even when consumed in large amounts, had little effect on caries increment if ingested up to a maximum of four times a day at mealtimes only. However, increased frequency of consumption of sugar in-between meals was associated with a marked increase in dental caries. It was also found that the increase in dental caries activity disappears on withdrawal of sugars. The study noted that dental caries experience showed wide individual variation. The study obviously demonstrates an effect of frequency of intake which will be discussed in more detail later. The significance of mealtime consumption of sugars is also that salivary flow rate is greater at mealtimes due to stimulation by other meal components and therefore plaque acids may be more rapidly neutralised.
The study had a complicated design and subjects were not randomly assigned to groups (as groups were determined by wards, to separate dietary regimens). The oral hygiene status or practices were uncertain or difficult to assess from the report. The fluoride concentration in the drinking-water was 0.4 ppm (low) and the study was carried out before use of fluoride in dentifrices. Despite the complicated nature of the study the conclusions are valid yet apply to the prefluoride era.
A second important intervention study was the Turku study that was a controlled intervention study carried out in Finland in the 1970s 26 . This was a study to evaluate the effect of almost total substitution of sucrose in a normal diet with either fructose or xylitol on caries development, but evidence from the control group can be used as indirect evidence for the impact of sugar consumption on the development of caries. Three groups of subjects (n ¼ 125 in total) aged 12 -53 years, with 65% being in their twenties, consumed a diet sweetened with either sucrose, fructose or xylitol for a period of 25 months. Dental caries increment was monitored blind at 6-month intervals by one person throughout the study and both carious cavities and precavitation lesions were recorded. Foods were specially manufactured for the fructose and xylitol groups. Subjects were asked to avoid sweet fruits such as dried fruits, as sugars in these foods could not be substituted. The xylitol group consumed xylitol-containing foods significantly less frequently than the sucrose or fructose groups consumed their sweetened foods and the overall intake of xylitol in the xylitol group was lower than that of sucrose or fructose in the other groups. An 85% reduction in dental caries was observed in the xylitol group who had removed sugar from their diet.
The findings are summarised in Table 4 . Overall, the conclusions of the Turku Study are that substitution of sucrose in the Finnish diet (a high sugar diet) with xylitol resulted in a markedly lower dental caries increment for both carious cavities and precavitation lesions.
Cross-sectional comparisons of diet and dental caries levels in populations When considering the findings of cross-sectional surveys it is important to consider that dental caries develops over time and therefore simultaneous measurements of disease levels and diet may not give a true reflection of the role of diet in the development of the disease. It is the diet and other factors several years earlier that may be responsible for current caries levels. Cross-sectional studies should, therefore, be interpreted with caution. This phenomenon is less of a problem in young children, whose diet may not have changed significantly since the eruption of the deciduous dentition.
Numerous cross-sectional epidemiological studies have compared sugars intake with dental caries levels in many countries of the world. Those before the early 1990s have been summarised by Rugg-Gunn 79 . All studies varied widely in methodology and means of reporting the findings making drawing of overall conclusions complicated. Nine out of 21 studies that compared weight of sugars consumed to caries increment found significant associations and the other 12 did not. Twenty-three out of the 37 studies that investigated the association between frequency of sugars consumption and caries levels found significant relationships and 14 failed to find an association.
In addition to diet, some cross-sectional studies have also considered tooth brushing habits and exposure to fluoride. For example, Granath et al. 80 compared the level of dental caries in over 500 4-year-old Swedish children to sugars consumption, fluoride supplementation and oral hygiene practices. Intake of sugars was the most important factor associated with dental caries, and differences in dental caries experience of children with the highest and lowest in-between meal sugars intake could not be explained by difference in use of fluoride or oral hygiene practices. When the effects of oral hygiene and fluoride were kept constant the children with a low-sugars intake in-between meals had 86% less buccal and lingual caries and 68% less approximal caries than children with high intakes of sugars in-between meals. In a study of over 2000 Finnish children aged between 7 and 16 years, Hausen et al. 81 showed that intake of sugars, water fluoridation level and tooth brushing frequency were all important determinants of dental caries experience although sugars exposure was the least important of these factors. Kleemola-Kujala and Rasenen 82 , in a study of three different age groups of Finnish children (5, 9 and 13 years), found that poor oral hygiene and high sugars intake were both related to dental caries though the former was 84 conducted a study that investigated relationships between oral hygiene habits and dental caries in Swedish children in three age groups (4, 8 and 13 years) living in three different areas in Sweden. Children from the south had more caries than children from the north in both the deciduous and permanent dentition. Differences in the levels of caries were explained by differences in oral hygiene practice and the age at which dental care commenced. There was little difference in the frequency of sugars intake between the different regions. A large cross-sectional study of 2514 Americans aged 9-29 years conducted between 1968 and 1970 found that the dental caries experience of adolescents eating the highest amounts of sugars (upper 15% of the sample) was twice that of those eating the lowest amounts (lower 15% of the sample) 85 . The UK National Diet and Nutrition Survey of people aged 65 years and older studied the relationship between levels of root caries and dietary habits and found a significant association between frequency of intake of NME sugars (free sugars) and root caries. However, no relationship between the amount of NME sugars consumed and levels of root caries was found 13 . In the NDNS of young people aged 4-18 years, no overall relationship between amount of NME sugars consumed and levels of dental caries was observed. When children were divided into high, medium, or low bands of NME sugars consumption, no significant relationship was found between caries experience and band of NME sugars intake. However, in the 15-18-year-old age group, the upper band of intake of NME sugars was more likely to have decay than those in the lower band (70% compared with 52%) 52 . Marques and Messer 86 failed to show an association between sugars intake and dental caries in the primary dentition. However, Persson et al. 87 found that the consumption of high sucrose foods at age 12 months was positively related to the level of dental caries at age 3 years and Stecksen-Blinks and Holm 88 showed that snacking frequency was positively associated with dental caries in the deciduous dentition of 4-year-old children in Sweden. In a study of Danish 6-year-old children, Petersen 45 observed that high frequency of consumption of sweets and sugary drinks implied significantly higher amount and risk (Odds Ratio) of dental caries. This was found after control of confounders related to oral hygiene practices and socio-economic status. Furthermore, a recent UK survey of children aged 1.5-4.5 years showed that when social factors were controlled for, an association was found between frequency of consumption of confectionery and soft drinks, high intake of confectionery and soft drinks and dental caries 50 . Some cross-sectional surveys on dietary habits and dental caries have been carried out on children of developing countries. For example, in Madagascar significantly higher dental caries experience index (dmfs þ DMFS) was demonstrated for schoolchildren with frequent consumption of sweets, cakes and sugary drinks as compared to children with low scores of sugars consumption 11 . Such an association was also indicated by recent studies conducted in Saudi Arabia 89 , Thailand 3 and China 90 . In these studies, confounder control was performed by application of multivariate regression analysis.
Longitudinal studies of diet and caries incidence When investigating the association between diet and the development of dental caries it is more appropriate to use a longitudinal design in which sugars consumption habits over time are related to changes in dental caries experience. This type of study is relatively more costly and time consuming and in comparison to the number of cross-sectional studies in the literature, this type of study is relatively rare.
A number of studies have investigated the association between consumption of sugars-rich foods and caries development. Sundin 91 monitored caries development in a group of Swedish children from repeated cross-sectional data and found a strong correlation between caries increment and the consumption of sweets. The relationship was strongest for those with poor (þ0.51) compared with good oral hygiene (þ 0.11). Different fluoride exposure should also be considered in this respect. A further longitudinal study by Lachapelle-Harvey and Sevigny 92 compared the diets of 11-year-old Canadian children with caries development over a 20-month period. The dietary practices that were associated with caries increment in this rather short time were: chocolate or sugared chewing gum consumption in-between meals and consumption of iced cakes at meal times. In a more recent study (i.e. in the era of exposure to fluoride), Grindefjord et al. 93 observed caries levels in a cohort of young children between the ages of 1 and 3.5 years. A significant relationship between the markers of frequent consumption of sugary items and sugars-containing beverages and caries increment was found.
Some studies have investigated the relationship between total sugars intake and caries development. Stecksen-Blicks and Gustafsson 94 measured caries increment over 1 year in 8 and 13-year-old children and related it to diet at one time point. Despite the short period of observation, a significant relationship between caries development and intake of sugars was found for both the primary and permanent dentition. In a comprehensive study of dental caries increment and diet of over 400 English adolescents (aged 11 -12 years) 95 a small but significant relationship was found between intake of total sugars and caries increment over 2 years (þ0.2).
The Michigan Study was carried out in the USA between 1982 and 1985. It studied the relationship between sugars intake and dental caries increment over 3 years in children initially aged 10-15 years 96 . This study also found weak relationships between the amount of dietary sugars and dental caries increment. Children who consumed a higher proportion of their total dietary energy as sugars had a higher caries increment for approximal caries, though there was no significant association between sugars intake and pit and fissure caries. The frequency of intake of sugars or sugar-containing foods (with . 15% sugars) was not related to caries increment, but the amount of sugars eaten in-between meals was related to approximal caries. When the children were divided into those who had a high compared with a low caries increment, a tendency towards more frequent snacking was seen in the high caries children. However, intake of sugars was generally high for all subjects in this study with only 20 out of 499 children consuming less than 75 g/d, and the average intake of the lowest quartile of consumption being 109 g/d or 23.4% of energy intake. Burt and Szpunar 97 recognised that, in the Michigan Study, the reason for the low relative risk of caries development in the high sugars consumers was that small variances were found both for caries increment and intake of sugars.
A review by Marthaler 54 addressed whether the relationship between dietary sugars and caries activity is vanishing in westernised countries with high sugars availability and extensive use of fluoride dentifrices. It was concluded that data from longitudinal studies in modern societies that make use of prevention still show a relationship between sugars consumption and caries activity. Marthaler pointed out that many older studies failed to show a relationship between sugars intake and development of dental caries because many of these were of poor methodological design, used unsuitable methods of dietary analysis and were of insufficient power 54 . Additionally, the influence of frequency of consumption was generally ignored. Correlations between individuals' sugars consumption and dental caries increments may be weak due to the limited range of sugars intake in the study population, i.e. variation in sugars intake within populations is too low to show an effect on caries occurrence. If all people within a population are exposed to the disease risk factor the relationship between the risk factor and the disease will not be apparent 98 . There is more betweencountry variation in intake of sugars which explains the stronger association between sugar availability and dental caries levels found from analysis of worldwide data (r ¼ þ0.7)
.
Frequency of sugars consumption and the amount consumed The importance of frequency versus the total amount of sugars is difficult to evaluate as the two variables are hard to distinguish from each other. An increase of either parameter often automatically gives an increase in the other and likewise a reduction in frequency in intake of sugars in the diet should result in a reduction in the total sugars consumed.
Data from animal studies have indicated the importance of frequency of sugars intake in the development of dental caries. König 99 showed that dental caries experience increases with increasing frequency of intake of sugars even when the absolute intake of sugars eaten by all groups of rats was the same. Firestone 100 showed that less caries developed as the interval between feeds was increased.
Some human studies show that the frequency of sugars intake is an important aetiological factor for caries development 53, 101 . The primary evidence for the belief that the prevalence of dental caries is directly related to the frequency with which sugar is eaten comes from the Vipeholm study 78 . This study showed caries development was low when sugars were consumed up to four times a day at mealtimes. Holbrook et al. 102 , in a study of 5-yearold children in Iceland, also found a threshold effect for the frequency of sugars consumption on caries development of four times a day. In children reporting four or more intakes of sugars per day or three or more betweenmeal snacks per day, the caries scores markedly increased. For children that developed three or more lesions, the intake of sugars averaged 5.1 times per day at age five compared with 2.1 times a day for children who developed less than three carious lesions ( P , 0.01). In an earlier cross-sectional study of 4-year-old children in Iceland, Holbrook 103 showed that caries levels markedly increased at frequency of intake of sugars above 30 times a week (approximately four times a day). Holt 104 , in a longitudinal study of English preschool children, found that dmft was higher (dmft 1.69) in children who had four or more sweetened snacks and drinks a day compared with children who only had them once a day (dmft 1.01). In this study, the relationship between total amount of sugars consumed and dmft was not investigated. The studies above suggest that if free sugars intake is limited to a maximum of four times a day, caries levels will be reduced.
Some studies have investigated the association between frequency of consumption of sugars-rich foods and caries development. A positive correlation between the frequency of consumption of confectionery and caries development was found in a study conducted on 900 14-year-old Caucasian, Hawaiian and Japanese schoolchildren in Hawaii 105 . Bjarnason et al. 106 studied the relationship between dental caries levels and frequency of intake of sugary foods in children aged 12 and 13 from Iceland, using a dietary questionnaire. A higher caries incidence was associated with consumption of sweets and cakes at mealtimes and with frequency of confectionery consumption. In a study of longitudinal design, Sundin et al. 91 found that frequency of consumption of sweets was an important caries-related factor in Swedish teenagers. Caries incidence over a 3 year period was significantly related to frequency of intake of confectionery (r ¼ þ0.25) and the relationship was stronger for teenagers with poor oral hygiene and a low salivary flow rate (r ¼ þ0.7). The findings of Kalsbeek and Vereeps 101 , confirmed the association between the frequency of consumption of sugary snacks and the development of caries in children aged 5, 8 and 11 years. However, none of the above studies measured the amount of sugars consumed so the relationships between amount of sugars and caries levels in these studies were unknown. There are some studies that have found a lesser or no relationship between the dietary eating patterns of children and caries 107 -109 .
Amount of sugars
Animal studies have also been used to investigate the relationship between amount of sugars consumed and the development of dental caries 110, 111 . Mikx et al. 110 found a significant correlation between the sugar concentration of the diet fed to rats and the incidence of dental caries. Hefti and Schmid 112 found that dental caries severity increased with increasing sugars concentrations up a 40% sucrose diet. A number of epidemiological studies provide evidence for an association between amount of sugars consumed and dental caries and these are summarised in Table 10 . Several longitudinal studies show amount of sugars intake to be more important that frequency 95, 96, 113 . Kleemola-Kujala and Rasanen 82 found that dental caries increased with increasing amount of sugars consumption only when oral hygiene was poor.
Jamal et al. 114 related the amount of sugar added to tea and the frequency of consumption of sweetened tea to caries experience in children and young adults in Iraq. The number of cups of tea consumed and the amount of sugar added to tea were positively related with DMFT. The r-values obtained were þ0.43 and þ0.64 for urban and rural populations, respectively, for frequency of consumption and þ0.55 and þ0.71, respectively, for amount of sugar. This study, therefore, supports the view that both the frequency and the amount of sugar intake are important.
There is, undoubtedly, a strong correlation between the amount and frequency of sugars consumption. In an analysis of dietary data from over 400 11 -12 year-old children, Rugg-Gunn found the correlation between frequency of intake of sugars-rich foods and total weight consumed to be þ0.77 95 . Cleaton-Jones et al. 115 reported significant associations between frequency and amount of sugar intake in a number of South African ethnic groups. Rodrigues et al. 116 found that nursery school children with a frequency of sugars intake of 4-5 times per day were 6 times more likely to develop high caries levels over 1 year compared with children with the lowest frequency. In this study it was also shown that there was a direct relationship between amount and frequency of intake 1 . High correlations between the frequency of consumption and weight consumed of individual sugary foods such as chocolate (þ0.85) and sugared drinks (þ0.86) were also found. Ismail et al. 117 also found a very high correlation between frequency of consumption of sugary drinks inbetween meals and amount consumed in American children (r ¼ þ0.97) and reported that both increased frequency and amount were associated with higher caries risk. The odds ratios of having a DMFT of above the 80th percentile for age, increased from 1.28 for those having one soft drink per day to 1.87 for twice and 2.79 for three or more times a day.
In summary, there is evidence to show that both the frequency of intake of sugars and sugars-rich foods and drinks and the total amount of sugars consumed are both related to dental caries. There is also evidence to show that these two variables are strongly associated. In addition, oral hygiene standard, socio-economic status and fluoride exposure all influence the sugars-caries relationship.
Different types of sugars
Many of the earlier animal studies investigating the relationship between sugars and dental caries focused on sucrose, which was at that time the main dietary sugar that was added to the diet. However, modern diets of industrialised countries contain a mix of sugars and other carbohydrates including sucrose, glucose, lactose, fructose, glucose syrups, high fructose corn syrups and other synthetic oligosaccharides and highly processed starches that are fermentable in the mouth. Oral bacteria metabolise all mono and di-saccharides to produce acid and animal studies have shown no clear evidence that, with the exception of lactose, the cariogenicity of mono and disaccharide differs. However, early plaque pH studies have shown plaque bacteria produce less acid from lactose compared with other sugars 118 . Some animal studies have reported an increased cariogenicity of sucrose but in these studies the rats were super infected with S. mutans which utilises sucrose in preference to other sugars.
Studies in humans have also investigated the difference in the cariogenicity of some sugars for example the aforementioned Turku study showed no difference between the caries development between subjects on diets sweetened with sucrose compared with fructose 26 . The Malmo study which investigated the effect of substitution of sucrose with invert sugar (50% fructose þ 50% glucose) on caries development in preschool children in Sweden showed the cariogenicity of invert sugar to be 20-25% less that that of sucrose 119 .
The form of sugar It is sometimes stated that the cariogenicity of sugary food is related to its stickiness. The longer it takes a food to clear the mouth the longer the drop in pH will remain. The adhesiveness or 'stickiness' of a food is not necessarily related to either oral retention time or cariogenic potential.
There is evidence to show that the amount and frequency of consumption of high sugar drinks (with low stickiness/oral retention) are associated with increased risk of dental caries 114, 117 .
The influence of fluoride on the sugars-caries relationship Fluoride alters the resistance of the teeth to demineralisation as well as the speed with which the enamel surface remineralises following a plaque acid challenge. Fluoride affects the tooth post-eruptively in three ways. First, it reduces and inhibits demineralisation: Fluoride is incorporated into the enamel lattice and/or binds to enamel crystal surfaces and replaces the hydroxyl groups in hydroxyapatite. By converting hydroxyapatite into fluoroapatite which is more stable, fluoride reduces the susceptibility of the enamel to demineralisation. Second, remineralisation of enamel in the presence of fluoride results in the porous lesion being remineralised with fluoroapatite rather than hydroxyl apatite (the former being more stable and more resistant to further attack by acids). Lastly, fluoride also affects plaque by inhibiting bacterial metabolism of sugar thus reducing acid production. The main action of fluoride is topical at the enamel surface after eruption. The inverse relationship between fluoride in drinking-water and dental caries is well established 120 . Without any dietary modifications topical fluoride in either toothpaste, mouthrinses or varnishes reduces caries in children by between 20 and 40%, but does not eliminate dental caries. Over 800 controlled trials of the effect of fluoride on dental caries have been conducted and show that fluoride is the most effective preventive agent against caries 120 . Widespread use of fluoride largely accounts for the decline in dental caries that has been observed in developed countries over the past three decades.
Much of the data that illustrate an association between intake of dietary sugars and dental caries were collected in the prefluoride era. More recent studies that attempt to focus only on the relationship between sugars and caries are confounded by the presence of fluoride but show that a relationship between sugars intake and caries still exists in the presence of fluoride. In two major longitudinal studies of the relationship between intake of dietary sugars and dental caries levels in children, the observed relationships between sugars intake and development of dental caries remained even after controlling for use of fluoride and oral hygiene practices 95, 96 . In a crosssectional study of 12-year-old children in the UK who were using fluoride toothpaste, DMFS scores were significantly related to the number of times sugary foods were consumed 121 . Holt et al. 122 also found a relationship between frequency of sugars-rich snacks and caries levels in young children even after controlling for use of fluoride. Weaver 61 reported on the fall in caries levels between 1943 and 1949 in 12-year-olds from areas with naturally high and low water fluoride concentration in North East England. Caries levels were lower in the high fluoride area in 1943, but, following the war time sugar restriction, dental caries levels fell a further 54% indicating that exposure to fluoride did not totally override the effect of sugars in the diet. Likewise, Kunzel and Fischer 123 also showed that the beneficial effects of fluoride vary according to levels of sugars consumed. Marthaler 54 reviewed the changes in the prevalence of dental caries and concluded that, even when preventive measures such as use of fluoride are employed, a relationship between sugars intake and caries still exists. After reviewing the literature on declines in caries and associated factors Marthaler concluded that 'within modern societies which are aware and make use of prevention, the relationship between sugars consumption and caries activity still exists'. He also concluded that 'recent studies have demonstrated that sugar-sucrose as well as other hexoses-continues to be the main threat for dental health of (1) whole populations in some developed and many developing countries, (2) for the individual in both developed and developing countries and (3) in spite of the progress made in using fluorides and improved oral hygiene'. He also stated that, in Albania, Greece, Hungary, Iceland, Italy, Poland, Portugal, Spain and Yugoslavia, the high sugars consumption is still the most important determinant of caries prevalence. It is likely that, in industrialised countries where there is adequate exposure to fluoride, a further reduction in the prevalence and severity of dental caries will not be achieved without a reduction in free sugars intake.
A recent systematic review, Burt and Pai 124 aimed to answer the question 'in the modern age of extensive fluoride exposure, do individuals with a high level of sugars intake, experience greater caries severity relative to those with a lower level of intake?' The review consisted of a search of MEDLINE and EMBASE databases for papers published between 1980 (an arbitrary starting point for the era of fluoride exposure) and 2000. The search produced 809 reports. Irrelevant reports and those that did not meet set inclusion criteria were discarded, to leave 69 reports of which 26 were cohort studies, 4 case -control studies, and 39 cross-sectional studies. Papers were then scored out of 100 according to scientific merit and those which scored 55 or higher-a total of 36-were included in the final analysis. In the final analysis, the risk of sugars-associated caries was rated according to the risk ratio (odds ratio, relative risk) correlation coefficient or beta coefficient. The findings are summarised in Table 5 . There was only one paper classified as having a strong relationship between sugars intake and caries-a cohort study conducted in Brazil. However, over half of the papers found a moderate relationship and a further 16 found a weak relationship. No paper failed to find a relationship between sugars intake and caries. Twentythree of the papers were of cross-sectional design which is the weakest study design to address the question, the cohort design being the strongest. Out of the 12 cohort studies, 8 were of less than 2 years' duration. This may be an insufficient period to monitor the development of dental caries. The conclusions of the systematic review are that: (1) where there is good exposure to fluoride, sugars consumption is a moderate risk factor for caries in most people; (2) sugars consumption is likely to be a more powerful indicator for risk of caries in persons who do not have regular exposure to fluoride; (3) with widespread use of fluoride, sugars consumption still has a role to play in the prevention of caries but this role is not as strong as it is without exposure to fluoride.
Fluoride intake and fluorosis
Ingested fluoride affects the teeth preeruptively. An excess fluoride ingestion during enamel formation can lead to dental fluorosis and this condition is observed particularly in countries that have high levels of fluoride in water supplies. Reports indicate that the prevalence of dental fluorosis ranges from 3 to 42% in low fluoride areas and between 45 and 81% in areas with around 1 mg fluoride/L water 1 . Enamel fluorosis as well as skeletal fluorosis are found in large areas of India, Thailand, in the Rift Valley of East Africa and many Arab States.
Starches and dental caries
Starch constitutes a heterogeneous food group and it varies in botanical origin. It may be highly refined or consumed in its natural state, it is sometimes consumed raw (e.g. in fruits and vegetables) but is largely consumed in a cooked form. All these factors should be considered when assessing the potential and relative cariogenicity of starches. Some argue that cooked and processed starches enter into the caries process because starches are broken down by salivary amylase releasing glucose, maltose and maltotriose and that these are metabolised by oral bacteria to produce acids.
Plaque pH studies that use an indwelling plaque electrode tend to give an all or nothing response and are not good at discriminating the acidogenic potential between carbohydrates 125 . Studies using this method have shown starch-containing foods (e.g. white bread) can depress plaque pH below 5.5. Plaque pH studies that remove plaque from all areas of the mouth and then measure pH (harvesting method) are more discriminating and have shown that starch-containing foods are less acidogenic than sucrose or sucrose-rich foods. However, plaque pH studies measure acid production from a substrate and not caries development. This means plaque pH studies take no account of the protective factors found in some starch-containing food, nor do such studies account for the effect of foods on stimulation of salivary flow. Enamel slab experiments in humans have shown that raw starch does not cause demineralisation 126 and that cooked starch is about one-third to one-half as cariogenic as sucrose 127 . Animal studies have shown that raw starch is of low cariogenicity 128, 129 ; cooked starch causes caries but only about half the amount caused by sucrose 130 . However, mixtures of starch and sucrose would seem to be potentially more cariogenic than starch alone and the level of caries that developed was related to the sucrose concentration in the mix 131 . In a study using the rat model by Mundroff et al. 132 intake of starch and lactose were not related to caries development whereas highly significant correlations between intake of glucose (r ¼ þ0.43), reducing sugars (r ¼ þ0.30), and sucrose (r ¼ þ0.18) were found. Caution needs to be applied when extrapolating the results of animal studies to humans due to differences in tooth morphology, plaque bacterial ecology, salivary flow and composition and the form in which the diet is provided (usually powdered form in animal experiments). Nonetheless animal studies have enabled the effect on caries of defined types, frequencies and amounts of carbohydrates to be studied.
Epidemiological studies have shown that starch is of low risk to dental caries. People who consume high-starch/lowsugars diets generally have low caries experience whereas people who consume low-starch/high-sugars diets have high levels of caries. In the Hopewood House study 75 children consumed a high-starch low-sugars diet and had low levels of caries. In the Turku study 26 intake of starch was not limited and all groups ate unlimited starch yet low caries occurred in the xylitol (sugar free) group. Children with HFI have been shown to have low levels of caries, they cannot consume sucrose or fructose but can consume unlimited amounts of starch 77 . In a longitudinal study of diet and dental caries in 11 -12-year-old English children, Rugg-Gunn et al. found no correlation between intake of starch and caries increment when controlling for sugars intake. Children with high-starch and low-sugars intakes had significantly fewer caries develop than children with low starch/high sugars intake 95 . Further evidence that starchy staple foods are of little importance in the development of caries comes from studies of dietary changes during the period of the Second World War. The intake of starch increased during this period in Norway and Japan yet the occurrence of caries was reduced. When sugars intake increased after the war, levels of caries also increased 59, 133 . Populations that habitually consume a high-starch/low-sugars diet have also been reported to have low levels of dental caries 68, 75, 134, 135 . For example the Chinese and Vietnamese, Ethiopians and South American Indians have eaten cooked starches in the form of rice, wheat and maize but have a low sugars intake and low caries levels. The ecological study of Sreebny 136 , as well as comparing sugar availability and level of caries, compared the cereals availability and levels of caries in 12-year-old children and found a correlation of þ0.45 between wheat intake and DMFT. However, when the data were reanalysed by Rugg-Gunn 79 to control for sugar availability the relationship between wheat availability and dental caries disappeared. When the relationship between sugar availability and caries experience was controlled for availability of wheat, the correlation was only reduced from þ 0.7 to þ0.6 indicating that cereals availability did not affect caries experience but that sugar availability played a much more important role.
Less refined starchy staple foods (e.g. wholegrain foods) have properties that protect the teeth from decay. Wholegrain foods require more mastication and thereby stimulate increased secretion of saliva, increasing its buffering capacity. Unrefined plant foods also contain phosphates and there is some evidence that they convey a protective effect against demineralisation 137, 138 . Rugg-Gunn 79 extensively reviewed the evidence on the relationship between starches and dental caries and concluded that:
. Cooked staple starchy foods such as rice, potatoes and bread are of low cariogenicity in humans. . The cariogenicity of uncooked starch is very low. . Finely ground and heat-treated starch can induce dental caries but the amount of caries is less than that caused by sugars. . The addition of sugar increases the cariogenicity of cooked starchy foods. Foods containing cooked starch and substantial amounts of sucrose appear to be as cariogenic as similar quantities of sucrose.
Starches have become more processed and frequencies of eating may have increased in some countries. Many highly processed starchy foods are also relatively high in fats and or free sugars and salt (e.g. corn snacks, sweetened breakfast cereals, cakes and biscuits). It is not the intake of these but the increased intake of starchy staple foods (e.g. bread, potatoes and wholegrain foods) that is being encouraged.
Fruit and dental caries
In experimental conditions in which fruit is a major dietary constituent, fruits may participate in the caries process; however, as consumed as part of the mixed human diet there is little evidence to show fruit to be an important factor in the development of dental caries. A number of plaque pH studies have found fruit to be acidogenic (though less so than sucrose) 139, 140 although the extent of this varies according to texture and sugars content 141 . However, plaque pH studies measure acidogenicity and not cariogenicity and do not account for protective factors in fruits. These studies have also used an indwelling plaque pH electrode that tends to give a hypersensitive response. Animal studies have shown that, when fruit is consumed in high frequencies (e.g. 17 times a day) it may induce caries 142, 143 . Animal studies revealed that all fruits cause less caries than sucrose. Epidemiological studies have shown that, as habitually consumed, fruit is of low cariogenicity. For example, a number of cross-sectional studies have compared dental caries experience to levels of fruit consumption. Savara and Suher 144 in a study of children in the US, found no association between dental caries and the frequency of fruit consumption. KleemolaKujala and Rasanen 145 in a study of Finnish children aged 5, 9 and 13 years found no differences in vitamin C intake (as an index of fruit consumption) between children with high compared to low caries and, likewise, Martinsson 146 found no difference in intake of fruit between school children with high compared to low caries experience. In a study of longitudinal design, Clancy et al. 147 found a negative association between caries increment over 1 year and the consumption of apples and fruit juice. Similar findings were reported by Rugg-Gunn et al. 95 . The only epidemiological study in which an association between fruit consumption and dental caries was reported was that of Grobler and Blignaut 148 who compared the dental caries experience of workers on apple and grape farms with workers on grain farms. The frequency of intake of fruit by the workers were very high; the workers on the apple farms consumed on average eight apples per day whereas the workers on the grape farms consumed on average three bunches of grapes per day. In both groups of fruit pickers, the mean DMFT was significantly higher than that of workers on the grain farm. However, the high DMFT levels were largely due to missing teeth, the cause of which was unknown, and the difference in DMFT between the grain and fruit farm workers was solely due to differences in the numbers of missing teeth.
Dried fruit may potentially be more cariogenic since the drying process breaks down the cellular structure of the fruit, releasing free sugars and dried fruits tend to have a longer oral clearance. Having extensively reviewed the evidence linking fruit consumption to dental caries, Rugg-Gunn concludes 'as eaten by humans, fresh fruit appears to be of low cariogenicity and citrus fruits have not been associated with dental caries'. He also concluded that, on present evidence, increasing consumption of fresh fruit in order to replace 'non-milk extrinsic sugars' (free sugars) in the diet is likely to decrease the level of dental caries in a population 79 .
Novel carbohydrates and dental caries risk Glucose polymers (glucose syrups and maltodextrins) comprise a mixture of short chain saccharides and alphalimit dextrins and are increasingly being added to foods in industrialised countries. Evidence on the cariogenicity of these carbohydrates is sparse and comes from animal studies, plaque pH studies and studies in vitro which suggest that maltodextrins and glucose syrups are cariogenic 149 -151 . The use of synthetic non-digestible oligosaccharides (prebiotics) is also increasing. Plaque pH studies and experiments in vitro suggest that isomaltooligosaccharides and glucooligosaccharides may be less acidogenic compared with sucrose 152 -154 . However, there is evidence that fructooligosaccharides, which are more widely available in foods, are as acidogenic as sucrose 155, 156 .
Factors that protect against dental caries Plaque pH studies have shown that consuming cheese following a sugary snack virtually abolishes the usual fall in pH that is associated with sugars consumption 157 . Cheese stimulates salivary secretion and increases plaque calcium concentration 157 . The calcium concentration of dental plaque strongly influences the balance between deand remineralisation of enamel. In an epidemiological study, cheese intake was higher in children who remained caries-free over a 2-year period than in those who developed caries 95 . Furthermore, Gedalia and colleagues 158 , in a controlled clinical trial in children, demonstrated that eating a 5 g piece of hard cheese daily, following breakfast, for a period of 2 years, resulted in the development of significantly less caries.
Cows' milk contains lactose and also calcium, phosphorus and casein all of which are thought to inhibit caries. Several studies have shown that the fall in plaque pH following cows' milk consumption is negligible 159, 160 . There is some evidence from animal studies that the addition of cows' milk to a cariogenic diet reduced the caries incidence 161 . Bowen 162 showed that desalivated rats (i.e. caries prone) remained more or less caries-free when fed cows' milk compared to those fed sucrose or lactose in water, and concluded that cows' milk can be used safely by patients with low salivary flow as a saliva substitute. Rugg-Gunn et al. 95 found an inverse relationship between the consumption of cows' milk and caries increment in a study of English adolescents.
In line with the overall positive health effects of breastfeeding, epidemiological studies have associated breastfeeding with low levels of dental caries 104, 163 . A few specific case studies have linked prolonged ad libitum and nocturnal breastfeeding to early childhood caries. Breastfeeding has the advantage that it does not necessitate the use of a feeder bottle, which has been associated with early childhood caries. A breastfed infant will also receive milk of a controlled composition to which additional free sugars may not be added. There are no benefits to dental health of feeding using a formula feed.
The effects on caries of factors in foods of plant origin including organic phosphates, inorganic phosphates, and phytate have been investigated. Both organic and inorganic phosphates have been found to be effective in animal studies, but studies in humans have produced inconclusive results 138, 164 . When isolated from foods, phytate is an effective anti-caries factor but as an intrinsic food component is not effective 79 . The main reason that fibrous foods protect the teeth is because they mechanically stimulate salivary flow. Other foods that are good gustatory and/or mechanical stimulants to salivary flow are peanuts, hard cheeses and chewing gum.
Black tea contains fluoride, polyphenols and flavanoids. Both animal studies and experimental investigations in humans show that black tea extract increases plaque fluoride concentration and reduces the cariogenicity of a sugars-rich diet 165, 166 .
Classification of sugars and carbohydrates for dental health and general health purposes The term 'free sugars' includes all added sugars (by manufacturer, cook or consumer) but also includes sugars present in fruit juices, honey and syrups. For dental health and general health purposes it is important to distinguish between sugars naturally present in fruits, vegetables, grains and milk as the evidence shows that these foods are not associated with dental caries. The consumption of these foods is also desirable, whereas the consumption of foods rich in free sugars is not. If the intake of free sugars were limited and the intake of fruit, vegetables, wholegrains and starch rich staple foods increased, it is highly likely that dental decay would be reduced.
Is there an inverse relationship between the intake of free sugars and fat in the diet? It is important to consider the effect that changing one aspect of the diet has on other components of the diet. With respect to this, cross-sectional analysis of dietary data from populations has shown an inverse relationship between the intake of free sugars and the intake of fat 167 . This has led to the argument that reducing the intake of free sugars might lead to an increase in fat in the diet and has sometimes resulted in targets for free sugars not being set. However, cross-sectional analysis is not an accurate means of investigating the effect of a change in intake of one dietary constituent on the intake of other dietary constituents. More recent longitudinal data from studies that have monitored dietary changes and the influence that changing one constituent has on other nutrients do not support the hypothesis for an inverse relationship between the intake of free sugars and fat. There is a growing body of evidence from such longitudinal research that shows that changes in intake of fat and sugar are not inversely related. Fletcher et al. 168 , in a repeated crosssectional study, found that fat intake by adolescents decreased over a 10 year period and the calories from fat were balanced by an increase in the intake of starch whereas free sugars intake did not increase. Likewise, Alexy et al. 169 showed that between 1985 and 2000 the intake of fat by German children has significantly decreased and that the calories were replaced with carbohydrates other than added sugars, the intake of added sugars remaining stable. In a relatively short-term dietary intervention study to increase fibre intake, ColeHamilton et al. 170 found both fat and added sugar to simultaneously decrease while fibre intake increased. Most recent evidence does not support the idea of an inverse relationship between intake of free sugars and fat and furthermore overall dietary goals that promote increased intake of wholegrain staple foods, fruits and vegetables and a reduced consumption of free sugars are unlikely to lead to an increased consumption in fat.
Diet and dental erosion
The evidence for an aetiological role of diet in the development of dental erosion comes from clinical trials, human observational studies, experimental clinical studies, animal studies, case reports and experiments in vitro. Thomas 171 showed that dental students who consumed either grapefruit juice, orange juice or cola daily for 6 weeks had signs of erosion on their labial incisors and that this was greatest with grapefruit juice. Stabholz et al. 172 studied the exfoliated deciduous teeth of children who had received orange juice at school daily for 10 -18 months and found that the teeth showed slight demineralisation.
Epidemiological observational studies have shown an association between dental erosion and the consumption of a number of acidic foods and drinks including frequent consumption of vinegar and pickles, citrus fruits and berries 173 and consumption of fruit juice at bedtime 174 . It has also been shown that frequency of intake of acidic beverages and foods is a more important determinant of erosion than total amount consumed and also that erosion tends to occur in individuals with good oral hygiene 47 . Jarvinen et al.
46
, in a case -control study, found that the dietary practices associated with erosion were consumption of citrus fruits twice or more per day, consumption of soft drinks once per day and consumption of vinegar or sports drinks more than once a week. Other risk factors included eating disorders (largely due to effect of intrinsic acids on vomiting), gastro-oesophageal reflux and a low salivary flow rate. The UK NDNS of young people aged 4 -18 years showed that the prevalence of erosion increased with age in high, moderate and low bands of soft drink consumption. The age-related increase was greatest in the highest bands of soft drink consumption. For those in the upper band of consumption, the proportion who had erosion increased from 28 to 52% between ages 7-10 and 11-14, whereas in the lowest band of consumption erosion increased from 27 to 39% between these two age groups 52 . Experimental clinical studies have shown that consumption of, or rinsing with, acidic beverages significantly lowers the pH of the oral fluids and this is most marked with grapefruit juice 141 . Enamel slab experiments have shown that enamel is softened within 1 hr of exposure to cola but this may be reversed by exposure to milk or cheese 175, 176 . Animal studies have looked at the effect of acidic food and drink consumption on demineralisation of rat molars. Stephan 143 reported that fruit and soft drinks caused erosion and Holloway et al. 177 showed that fruit drinks cause erosion to the teeth of rats and dogs. Miller 178 made the important observation that fruit juices were 3-10 times more destructive than whole fruit in rats. However, due to differences in drinking technique and salivary flow and composition, there are difficulties in extrapolating the findings of these studies to humans.
Many of the reports on diet and erosion have been single case reports and have shown that extensive erosion has been associated with sucking lemon wedges 179 , drinking cola continuously or holding cola in the mouth 180, 181 , addition of baby fruit juices to comforters or reservoir feeders 182 , or mega doses of chewable vitamin C 183 .
In vitro experiments supplement the clinical evidence for an association between diet and erosion but vary wide in methodology. However, in general such studies have shown that beverages with a high titratable acidity or a pH of ,4 can lead to erosion. Fruit juices have also been shown to be more erosive than pulped fruits 184 . Citric, malic and tartaric acids are particularly erosive 185 and carbonic acid is the least erosive 46 . However, Meurman and Cate 21 argue that present data does not allow the ranking of different acids.
In summary, erosion appears to be an increasing problem in industrialised countries and is related to extrinsic and intrinsic acids. Levels observed in industrialised countries are thought to be due to increased consumption of acidic beverages (i.e. soft drinks and fruit juices). Fruit juices are more erosive than whole fruits and consumption of the former has increased markedly over recent years in industrialised countries. For example, in the UK, there has been an 800-fold increase in the consumption of soft drinks since the 1950s 186 . In order to reduce the prevalence of erosion the frequency of acidic beverages needs to be reduced and/or the resistance to erosion needs to be increased. Factors such as salivary flow, fluoride, calcium and phosphate may protect against erosion although there is no consensus as to how effective these factors are in prevention. Overall, there is a need for more comprehensive population-based studies on the prevalence of dental erosion using a standard index of measurement. The longitudinal patterns of the dental erosion in populations needs to be monitored and related to changes in dietary factors (e.g. soft drink consumption).
Summary of the strengths and weaknesses of the evidence
The strength of the evidence linking dietary sugars to dental caries risk is in the multiplicity of the studies rather than the power of any individual study. Strong evidence is provided by the intervention studies (Vipeholm and Turku studies 78 but the weakness of these studies is that they were conducted in the prefluoride era. Today it would not be possible to repeat these intervention studies due to more stringent ethical codes. Many of the studies showing an association between sugars intake and dental caries were carried out in the prefluoride era. The fact that exposure to fluoride has not totally eradicated the relationship between sugars and caries has already been addressed. It must also be noted that many populations of developing countries are not yet exposed to fluoride but are increasingly exposed to a higher consumption of amount and frequency of free sugars and other fermentable carbohydrates in the diet. Fluoride undoubtedly decreases caries risk yet it does not always balance out the dietary factors involved in caries formation.
Many of the studies that have investigated an association between diet and dental caries are cross-sectional in design. As caries is a progressive disease that occurs over a period of time it is probable that it was the diet factors several years earlier that helped achieve the present disease levels. Longitudinal studies that have monitored a change in caries and related this to diet factors provide stronger evidence than cross-sectional studies but are relatively rare. Those that exist have studied populations with an overall high sugars intake with a low interindividual variation. This probably accounts for the weak associations that have been reported.
The studies that overcome the problem of a low range of inter-subject variation are times series studies that have monitored dental caries following a marked change in diet, for example, those conducted during the Second World War years and studies of populations before and following introduction of sugars into the diet. These have shown clearly that changes in dental caries mirror changes in economic growth and increased sugars consumption. Some reports have argued that the changes in sugars intake did not occur in isolation and that intake of refined starches also changed, claiming that all carbohydrates can participate in development of dental caries. However, there are examples where sugars intake decreased and starch intake increased yet levels of dental caries declined.
Strong evidence of the relationship between sugar availability and dental caries levels comes from the ecological studies of Sreebny 53 and Woodward and Walker 55 . The limitations of these studies are that they use sugar availability data and not actual intake, they do not measure daily frequency of sugars ingestion and assume that level of intake is equal throughout the population. The values are also for sucrose, yet many countries obtain a considerable amount of their total sugars from other free sugars such as high fructose corn syrup in the US and glucose in Ireland. These studies have only considered DMFT of 12-year-olds (not always from a representative sample of the population) and not other age groups so there is little information on the effect of sugars availability on caries levels in adults and the progression of the disease.
Information from animal studies, experimental plaque pH studies and enamel slab experiments provides insights into the information that cannot be obtained from the epidemiological studies. Data from animal studies have enabled investigation of the effect on caries of different concentrations and frequencies of different types of sugars and fermentable carbohydrates. However, these experiments have mostly been conducted on rats, which differ in tooth morphology and salivary composition to humans and the experimental diets are often fed in a powered form with eating and drinking techniques that are different to humans.
Plaque pH studies measure plaque acid production following consumption of a substance but not caries development. Therefore, they do not take into account protective factors in foods and the effects of other components of the diet. Many of the plaque pH studies that show falls in pH below the critical pH of 5.5 with cooked starchy foods have been conducted using the indwelling electrode technique in order not to disturb the plaque. However, the indwelling electrode is recognised as being a hypersensitive and non-discriminating, tending to give an 'all or nothing' response to all carbohydrates 125 . The evidence for a link between diet and dental diseases is summarised in Tables 6-9 .
Policy implications-potential strategies
Strategies to prevent dental caries: modification of free sugars consumption A summary of the research indicating theoretical safe/ acceptable levels of intake for free sugars is given in Table 10 . It is important at the population level to have a maximum level of intake for free sugars because a wealth of evidence shows that when free sugars intake by a population is low, dental caries levels are low. A population goal based on amount of free sugars intake also enables the dental health risks of populations to be assessed and health promotion goals monitored.
There is some evidence that the relationship between dental caries and levels of sugar is S-shaped 187, 188 ( Table 10) . At low levels of sugar intake (# 10 kg/ person/yr (27.4 g/d)) dental caries is very low. When annual sugar consumption is above 15 kg/person/yr (40 g/d) dental caries increases and intensifies with increasing sugar availability. At high levels of sugar intake (approximately 35 kg/person/yr (96 g/person/d)) the curve flattens out and a saturation level is reached, so that a further increase in sugar beyond this level does not increase caries to any appreciable extent. The benefits of decreasing free sugars may, therefore, be larger at high levels of intake just below the saturation level. The studies summarised in Table 10 were largely based on epidemiological study designs, using sugar availability data in populations that were not necessarily exposed to fluoride. Exposure to fluoride in some countries has altered the sugars caries relationship and widespread exposure to fluoride may increase the level of safe intake. Sheiham 189 argues that where fluoride in drinking-water is at 0.7-1 ppm, or where over 90% of toothpastes available are fluoridated, the sugars caries relationship shifts and increases the safe level of sugars consumption from 10 kg/person/yr to 15 kg/person/yr.
Policies on sugars intake in different countries
A number of countries have adopted policies/recommendations for free sugars (also referred to as 'added' 'purified' 'non-milk extrinsic' or 'refined') intake based on these data-these are summarised in Table 11 . The 1990 WHO report 'Diet, Nutrition and the Prevention of Chronic Diseases' also recommended that free sugars should contribute no more than 10% to energy intake 190 . Freire et al. 191 conducted a worldwide review of national recommendations for sugars intake and found that 23 countries had set goals for sugars consumption.
Fluoride in caries prevention
Fluoride is an important preventive agent against dental caries and more efforts are needed to ensure that the majority of populations are exposed to optimum fluoride concentrations in water and that fluoride toothpastes are available. Exposure to fluoride alone may not eliminate caries but, along with reduction in free sugars intake, it has a significant effect on caries prevention. Research into effective means of delivering optimum exposure to fluoride should continue. It is important to note that many countries that are currently undergoing nutrition transition do not have adequate exposure to fluoride.
Promotion of good oral hygiene
There is no strong evidence of a clear relationship between oral cleanliness and levels of dental caries 192 . The Health Education Authority in England concluded that 'although caries cannot develop without the presence of plaque, plaque removal by tooth brushing cannot in itself be advocated for caries prevention. Normal brushing inevitably leaves some plaque in fissures and in other stagnation sites where caries occurs and plaque rapidly begins to reform on cleaned tooth surfaces. While toothbrushing is important for maintaining gingival health, numerous studies have failed to establish a clear association between toothbrushing and caries incidence. However, brushing with a fluoride toothpaste is the most important method for delivering fluoride to the tooth surface. Other methods for plaque removal such as eating fibrous foods including apples and carrots are ineffective' 193 . In an extensive review of epidemiological data concerning the role of oral hygiene in caries prevention, Sutcliff concluded 'although toothcleaning with unmedicated agents may be expected to reduce caries experience, the lack of consistent epidemiological corroboration of the relationship has led to questioning of the value of oral hygiene practices against caries. Relatively few controlled prospective studies have been undertaken and the results point towards a weak positive association between plaque and dental caries. Toothbrushing with fluoride toothpastes has been shown to be an effective caries preventive measure' 194 .
Recommendations for prevention of dental diseases It is important that there is a recommended maximum level for consumption of free sugars because when free sugars consumption by a population is low, dental caries levels are low. Population goals enable the oral health risks of populations to be assessed and health promotion goals monitored.
The best available evidence indicates that the level of dental caries is low in countries where the consumption of free sugars is below 15 -20 kg/person/yr. This is equivalent to a daily intake of 40 -55 g and the values equate to 6-10% of energy intake. It is of particular importance that countries which currently have low consumption of free sugars (,15 -20 kg/person/yr) do not increase consumption levels. For countries with high consumption levels, it is recommended that national health authorities and decision makers formulate country-specific and community-specific goals for reduction in the amount of free sugars, aiming towards the recommended maximum of no more than 10% of energy intake, in addition to the development of oral health programmes to protect from dental caries.
In addition to population targets given in terms of amount of free sugars, targets for frequency of free sugars consumption are also important. The frequency of consumption of foods and/or drinks containing free sugars should be limited to a maximum of four times per day.
Many countries that are currently undergoing nutrition transition do not have adequate exposure to fluoride. There should be promotion of adequate fluoride exposure via appropriate vehicles, for example affordable toothpaste, water, salt and milk. It is the responsibility of national health authorities to ensure implementation of feasible fluoride programmes for their country. Research into the outcome of alternative community fluoride programmes should be encouraged.
In order to minimise the occurrence of dental erosion, the amount and frequency of intake of soft drinks and juices should be limited. Elimination of undernutrition prevents enamel hypoplasia and the other potential effects of undernutrition on oral health (e.g. salivary gland atrophy, periodontal disease, oral infectious diseases).
Recommendations to international organisations for the prevention of dental diseases The potential financial consequence of failing to prevent dental diseases need to be highlighted, especially to governments of countries that currently have low levels of disease but are undergoing nutrition transition. The detrimental impact of quality of life throughout the life course and the longer-term nutritional consequences of dental disease and tooth loss also need to be highlighted.
The WHO should encourage and aid the regular monitoring of the prevalence and severity of dental disease (e.g. caries, erosion) in different age groups and the prevalence of tooth loss in different countries. The WHO and FAO should also aid the collection of national information on the amount and frequency of dietary free sugars and soft drink intake and should provide guidance to nations on standardised methods for data collection on appropriate study populations where necessary.
The WHO should promote efforts to address identification of suitable means of delivering optimum fluoride to countries where exposure is inadequate.
The WHO and other international organisations should recognise nutrition as an essential part of training for dental health professionals, and dental health issues, an important component of the education of nutritionists and other health professionals. This is essential if advice for dental health is to be consistent with dietary advice for general health.
Recommendations to governments and intersectoral ministries
Governments should set strategies to implement the recommendations of the report of the joint WHO/FAO expert consultation on Diet and the prevention of chronic diseases and should support food-based dietary guidelines. Governments should establish the means of monitoring the severity and prevalence of oral diseases and the risk factors associated with them (e.g. free sugars intake) and should adopt global standard guidelines for methods of data collection where available. These data should be made available to the WHO to enable continuous updating of the WHO oral health database.
Governments should support research into elucidating optimum fluoride intake by different age groups and effective means of delivering optimum fluoride and should also support research into nutrition and dental health relevant to countries' needs e.g. research into effective means of dietary intervention for dental health.
Governments should ensure that teachers, pupils and health professionals receive adequate education on diet, nutrition and dental health issues. Governments should also provide guidelines for the use of and content of educational materials to ensure they are sound and nonbiased.
Governments should set more stringent codes of practice on advertising (including advertising and information on the Internet) of sugars-rich items.
Recommendations to private sector and industry Food manufacturers should continue to produce lowsugars/sugars-free alternatives to products rich in free sugars, including drinks. Manufacturers should also look at means to reduce the erosive potential of soft drinks.
To enable individuals to make informed choices regarding the oral health/dental problems related to high and frequent free sugars intake, there is a need for clear and unbiased labelling of foods with respect to sugars contents.
Recommendations to civil society
Oral health education should be included in nutrition education at schools and at antenatal classes where available, and should be based on sound non-biased information. Oral health education should be promoted alongside other forms of health education and dietary and nutrition advice for oral health should be integrated with advice for general health. Health education campaigns and health promotion websites should be encouraged.
Recommendations at the level of the individual Individuals should be recommended to reduce the frequency with which they consume foods containing free sugars to four times a day and thereby limit the amount of free sugars consumed. In countries where fluoride toothpaste is available/affordable, individuals should be encouraged to brush their teeth with a fluoride toothpaste twice a day.
